A new approach is developed to measure the dynamic characteristics of metal sheet under laser shock, including deformation velocity, strain, and strain rate. The detecting laser beam is partially shaded by the target deformation induced by the laser action. A photodiode transforms the received beam intensity real time into an electrical signal which could record the process of the target deformation. The functional relation between the electrical signal and the deformation of the metal sheet is derived. The deformation curve of a thin aluminum and the velocity curve of its deformation are also obtained during the experiment. The results indicate that the average velocity of the elastic deformation of the target can reach 2.999×10 3 m/s in the central area. This new method provides an approach in the study of the effect of strain rate on deformation.
Laser shock forming (LSF) of metal sheets is a new and competitive laser-based manufacturing technology [1] . When a high-power, short-pulse laser acts on a metal surface, plasma with high temperature and pressure is produced in a very short time because of laser energy absorption. Under the restraint layer, the plasma expands and explodes, resulting in a strong shock wave that propagates in the metal. The foregoing is a dynamic response process with high strain rate, so it changes the microstructure and mechanical properties of the metal [2−4] . In the past, the Hopkinson bar and the Taylor impact device have been used to measure dynamic deformation characteristics [5, 6] . However, when the target is shocked by laser, the above methods cannot be used effectively because of their narrow response bandwidth. Wang et al. conducted experimental measurements and analyses of the dynamic mechanical response of pure aluminum and its spall characteristics using velocity interferometer system for any reflector (VISAR) technology [7] . However, while measuring objects with high acceleration, the received signal frequencies of VISAR exceed the response frequencies of the system. This phenomenon results in signal losses. Moreover, a VISAR system is very expensive, and is difficult to install, commission, and maintain.
In this letter, a photoelectric measurement system using beam shading technique is developed to measure a moving surface with high speed. The detecting laser beam is partially shaded by the target deformation induced by laser action. The deformation curve d(t) of a thin aluminum and the velocity curve of deformation v(t) are obtained in the experiment. Calculations are used to obtain the strain and strain rate of the sheet deformation. Compared with other traditional devices for measuring velocity, this method has better response and is simpler to use.
The experimental setup containing the laser impact and optoelectronic measurement parts is shown in Fig.  1 . A Q-switched laser with high power produces a pulse focused on the surface of metal target. A positiveintrinsic-negative photodiode is used to catch a part of the scattered laser as a trigger signal. The probe beam emitted by a semiconductor laser 10 (power: 20 mW; wavelength: 635 nm) is expanded by cylindrical lenses. The expanded beam is shaped by adjustable slit and set parallel to the target plate surface. A narrow-band interference filter (center wavelength: 635 nm) is utilized to scatter light before the probe beam is coupled into photodiode. Convex lens is used to properly focus the light into the photodiode. The light in the photodiode is transformed into an electrical pulse, imported into fourchannel digital oscilloscope, and stored in a computer.
In the laser impact aspect of the present study, the laser source is a Q-switched high-power Nd:Glass solidstate laser, with wavelength of 1.06 µm, pulse duration of 10 ns, and spot diameter of 6 mm.
If the plasma blasts freely, the deformation would be tiny and unnoticeable. Thus, a piece of K9 glass is stuck on the metal plate using water as a confinement layer. A confinement layer can increase the impact pressure and extend the duration of an action [8] . When the high-power laser shock acts on the target, the induced deformation of the target changes the received probe laser beam intensity. Therefore, the changes in voltage signal reflect the high-speed forming process of the target. For our probe laser beam, a Gaussian laser beam generated by a semiconductor laser was used. Its intensity distribution follows a Gaussian function as
where I 0 is the maximum intensity of the probe beam and r 0 is the waist radius. These two are both known parameters.
Let the length and width of the detecting laser crosssection be b and a, and the received flux be Φ. The flux is equal to the integration of light intensity on the uncovered area. After establishing an appropriate coordinate system, we then have
where d is the deformation of the metal sheet and
dy is a definite value given as
Flux Φ has the following relation with voltage U on the oscilloscope:
where λ is the photoelectric conversion coefficient and C 2 is a constant. Inserting Eqs. (3) and (4) into Eq. (2), Eq. (2) is simplified as
Thus, the following equation is obtained as
Given that
where parameters K and C are the constants to be determined. The values of the unknown parameters K and C can be determined in the experiment, shown in Fig. 3 .
A screw ruler is placed perpendicular to the probe beam. By spinning the ruler, the laser beam could be shaded with different degrees. The different extents of precession d result in different values of voltage U on the oscilloscope. If the integration part of Eq. (7) Table  1 By plotting a graph of INT versus U , a straight line could be fitted using the least squares method, whose slope is simply the value of K and whose intercept is the constant C.
The fitted line is represented by Fig. 4 . From Fig. 4 , K = 0.06678 and C = 0.02595.
By inserting b, r 0 , K, and C in Eq. (7), we have U = 0.06678
The equation represents the functional relationship between voltage U on the oscilloscope and deformation d of the metal sheet. The graph of the relationship is presented in Fig. 5 . We used a thin aluminum sheet with thickness of 0.25 mm as the target. The thin aluminum acquires a noticeable plastic deformation when hit by a short-pulse laser with an 8-J energy.
Inserting the data U (t) collected from the oscilloscope into Eq. (8), the aluminum sheet deformation curve d(t) is obtained, as shown in Fig. 6 . Figure 6 presents a saltation at 80 ns (point a), and the signal rises directly to the first wave peak at 2 µs (point b). These findings suggest that when the thin aluminum absorbed the laser energy, successive melting, evaporation, and plasma formation occurred at the laser-focus area. The explosive expansion of the plasma resulted in the emission of shock waves which intensively affected the aluminum sheet and produced a big deformation. The metal sheet underwent a period of plastic deformation after the elastic deformation process. The duration of this process is relatively longer compared with that of the elastic deformation.
For the LSF, the time duration of loading on the metal sheet approaches the order of nanosecond. However, the duration of the deformation intensity in the central area reaching maximum is comparatively longer than the laser-loading process. An analysis of Fig. 6 indicates that the elastic deformation of the aluminum sheet occurred at time point a. The deformation approached its maximum at time point b. The duration is 1.92 µs, and the deformation is 5.7589 mm. Using formula v = ∆S/∆t, the average velocity of the elastic deformation of the aluminum sheet is 2.999×10 3 m/s in the central area. The deformation velocity curve of the aluminum sheet is obtained through the differential of the deformation curve. As shown in Fig. 7 , at the start of the process, the deformation velocity is fast but it gradually slows down to zero velocity with oscillation.
In conclusion, a novel optoelectronic measurement system is explained. This new method aims to detect the dynamic characteristics of metal sheet under laser shock, including deformation velocity, strain, and strain rate. The experiments conducted yield the deformation history curve of a thin aluminum and the velocity of its deformation. The average velocity of deformation of the target is 2.999×10 3 m/s in the central area. The method involves real-time measurement, so it can be applied to the remote control field under some conditions.
